The introduction of ticagrelor, one of the first directly-acting oral antiplatelet drugs, provided new possibilities in the prevention of thrombotic events in patients with acute coronary syndromes (ACS). Current guidelines recommend ticagrelor in dual antiplatelet therapy with aspirin over clopidogrel for prevention of stent thrombosis in patients with ACS. Moreover, in the management of ACS, lipid-lowering treatment with high-intensity statin therapy is advised for secondary prevention of cardiovascular events over the long term. Despite the apparent advantages of combined antiplatelet and lipid-lowering treatments, a possible interaction between statins and ticagrelor may lead to myopathy and rhabdomyolysis. In this review, relevant information was gathered on the ticagrelor-statin interaction that might lead to this life-threatening condition. This review focuses on the most widely used statins-simvastatin, atorvastatin, and rosuvastatin. Possible mechanisms of this interaction are discussed, including CYP3A4 isoenzymes, organic anion transporter polypeptide (OATPs), P-glycoprotein and glucuronidation. PubMed database was searched for relevant case reports and all data gathered from the introduction of ticagrelor to March 2018 are presented and discussed. In summary, co-administration of statins and ticagrelor was found to be relatively safe in routinely prescribed doses. However, caution should be exercised, especially in elder populations.
Introduction
Introduction of ticagrelor, of the first directly-acting oral antiplatelet drugs, has provided some new possibilities in the prevention of thrombotic events in patients with acute coronary syndromes (ACS). As a competitive and reversible inhibitor of P2Y 12 , it has a rapid onset of action [1] . Contrary to thienopyridine derivatives, such as clopidogrel or prasugrel, metabolic activation is not required for ticagrelor. Therefore, its action is more predictable and consistent in contrast to the older generation of antiplatelet drugs. Current guidelines of the European Cardiac Society and European Association of Cardio-Thoracic surgery (ECS/EACTS) recommend ticagrelor in a dual antiplatelet therapy with aspirin over clopidogrel for prevention of stent thrombosis in patients with acute coronary syndromes (ACS), regardless of the initial treatment strategy [2] . Similarly, guidelines of the American College of Cardiology and American Heart Association (ACC/AHA) suggest that in patients with non-ST-segment elevation (NSTE-ACS) or ST-segment elevation myocardial infarction (STEMI) who are managed with medical therapy alone, use of ticagrelor in addition to aspirin is more reasonable than clopidogrel [3] . Moreover, in the management of ACS, lipid-lowering treatment with high-intensity statin therapy is advised for secondary prevention of cardiovascular events over the long term [4] . In patients who were receiving low-or moderateintensity statin therapy, the intensity of the treatment should be increased. Despite the obvious advantages of combined antiplatelet and lipid-lowering treatments, a possible interaction between statins and ticagrelor may lead to myopathy and rhabdomyolysis. This review aimed to provide comprehensive and up-to-date information on the ticagrelor-statin interaction, including possible mechanisms, pharmacokinetic and pharmacodynamic efficacy as well as data gathered from published case studies. This report focuses on the most widely used statins-simvastatin, atorvastatin, and rosuvastatin. We based the review on a PubMed database search, starting from the introduction of ticagrelor to March 2018. Combinations of the following keywords were used for screening for relevant case studies: "ticagrelor", "AZD6140", "statins", "simvastatin", "atorvastatin", "rosuvastatin", "rhabdomyolysis", "myopathy", "kidney failure", "renal function".
Statin-Induced Myopathy and Rhabdomyolysis
Statin-induced myopathy (SIM) or overall muscle-related symptoms during therapy with statins is one of the most frequent adverse events arising from treatment with these drugs. According to various reports, it might affect 10-25% of all patients treated with statins [5] . These symptoms include myopathy, myalgia, myonecrosis, and rhabdomyolysis. The latter is one of the most severe adverse events and requires hospitalization. It is diagnosed most often as an elevation in creatine kinase of more than tenfold over the upper limit of normal with evidence of renal impairment, muscle symptoms, and no other causes of muscle injury [6] . Rhabdomyolysis might occur in 0.1% of subjects treated with statins [7] . Also, the prevalence of this adverse event varies between statins. For example, the incidence of rhabdomyolysis expressed as a rate per 10,000 person-years is lower for atorvastatin and simvastatin (0.6) than for rosuvastatin (1.2) [8] . To date, identifying exact mechanisms underlying SIM has been difficult, but some of following aspects might be associated with this condition: mitochondrial dysfunction, variation in the pharmacokinetics of statins, altered balance in cell degradation and repair, vitamin D deficiency, and reduced production of coenzyme Q10 [9] . Interestingly, it has been shown that lactone metabolites of atorvastatin and 4-hydroxy-atorvastatin have higher concentrations in patients with SIM, 2.4-fold and 3.1-fold, respectively [10] .
Influence of Ticagrelor on Renal Function
Reports from the PLATO trial showed that in comparison to clopidogrel, an older generation antiplatelet drug, ticagrelor was associated with a significantly higher increase in creatinine concentration at 1 and 12 months of treatment [11] . Of note, the elevation reported in the trial was of little clinical relevance and decreased after cessation of the treatment. Another study based on the results of the PLATO trial showed that levels of cystatin C, a renal function biomarker completely dependent on glomerular filtration rate, were also higher in ticagrelor-treated patients compared with those treated with clopidogrel [12] . However, in patients with chronic kidney disease, ticagrelor was shown to have greater efficacy in reducing mortality with a similar safety profile compared with clopidogrel [13] . Moreover, patients with impaired renal function appear to benefit more (0.77 hazard ratio of the primary endpoint, within a 0.65-0.90 confidence interval) from treatment with ticagrelor as compared with clopidogrel than individuals with normal renal function (0.90 hazard ratio, 0.79-1.02 confidence interval). Also, even though some pharmacokinetic differences have been reported between patients with normal and severe renal impairment (lower maximal concentration and exposure to ticagrelor and higher concentration and exposure to its active metabolite), no dose adjustment for this specific group has been advised [14] .
Underlying Mechanism of the TicagrelorStatin Interaction

Pharmacokinetic Interaction
To date, pharmacokinetic interaction studies between ticagrelor, atorvastatin, and simvastatin have been performed in healthy volunteers [15] . In this study, 90 mg ticagrelor twice daily was co-administered with a high dose (80 mg) of either atorvastatin or simvastatin. Pharmacokinetic parameters of ticagrelor and its active metabolite were seemingly unaffected by statin co-administration. However, the exposure to both statins was significantly increased. For atorvastatin, and its metabolites-atorvastatin lactone, 2-hydroxy-atorvastatin and 4-hydroxy-atorvastatin-the exposure increased by 36, 32, 33, and 67%, respectively. At the same time, no impact on elimination half-life was noted. More pronounced differences were observed for simvastatin. Exposure to simvastatin and its active metabolite-simvastatin acid-increased by 56 and 52%, respectively. The main conclusion from this study was that simvastatin doses of 40 mg daily or higher should be avoided during antiplatelet therapy with ticagrelor. Simultaneously, an increase in the exposure to atorvastatin is tolerable given the favorable safety profile of this drug [15] . However, to the authors' knowledge, no comparative pharmacokinetic study was performed for ticagrelor and rosuvastatin. Therefore, the extent of the pharmacokinetic interaction between these two drugs, if any, is unknown.
CYP-450-Mediated Metabolism
CYP3A4 and CYP3A5 are major isoenzymes involved in phase I metabolism of xenobiotics. They are most abundant as cytochrome P-450 enzymes, accounting for approximately 30% in the liver and 80% in the small intestinal mucosa [16] . According to the results from in vitro studies, ticagrelor is mainly metabolized by CYP3A4 and CYP3A5 isoenzymes [17] . Two major metabolites formed through this pathway are AR-C124910XX and AR-C133913XX [18] . Exposure to AR-C124910XX might reach up to 40% of total exposure to the parent drug. Moreover, AR-C124910XX also exerts an antiplatelet effect through interaction with the P2Y 12 receptor [19] . Besides inhibition of CYP3A4/5 isoenzymes, it was shown that ticagrelor has moderate CYP2C9-inhibiting properties in vitro. Among the statins, simvastatin and atorvastatin are mainly metabolized by CYP3A4 isoenzyme [20] . Simvastatin is a prodrug with a lactone structure. As a result of a hydrolysis reaction catalyzed by plasma, liver, and intestinal carboxylesterases, the lactone ring is opened, and a hydroxy acid metabolite is formed [21] . This metabolite is responsible for the observed inhibitory activity of 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase and lowering of cholesterol levels. Other simvastatin metabolites, such as 3′-hydroxy-simvastatin, 6′-exomethylenesimvastatin, or 3′,5′-dihydrodiolsimvastatin, are formed in reactions catalyzed by CYP3A4 [22] . Contrary to simvastatin, atorvastatin is administered as a calcium salt of the active hydroxyl acid form. In a coenzyme A-dependent reaction or via an acyl glucuronide pathway a lactone entity might be formed from atorvastatin hydroxyl acid [23, 24] . CYP3A4 isoenzymes might further hydroxylate both atorvastatin acid and the lactone form to ortho and para hydroxymetabolites. Twohydroxy-atorvastatin and 4-hydroxy-atorvastatin are equally potent to the parent drug in inhibiting HMG-CoA reductase [25] . At the same time, an inactive lactone form and its hydroxymetabolites are linked with the occurrence of statininduced myopathy [10, 23] . In contrast to the statins mentioned above, rosuvastatin is metabolized only to a minor extent. As the radioactivity studies show, only approximately 10% of the oral dose is recovered in the metabolite form, and the majority of the drug is excreted in the unchanged form [26] . It is assumed that the most potent CYP involved in rosuvastatin metabolism is CYP2C9, and, to a lesser extent, 1A2, 2C19, 2D6, 2E1, and 3A4 [27] .
Although CYP3A4/5 is a major enzymatic pathway, it is difficult to point out clinically important genetic polymorphisms that alter the function of this enzyme. Two polymorphisms in the CYP3A4 region were identified as being potentially associated with the altered pharmacokinetics of ticagrelor rs62471956 and rs56324128 (CYP3A4*7) [28] . To our knowledge, no studies so far have evaluated the influence of these alleles regarding either pharmacokinetics or efficacy and safety of statins.
Transport Mediated by OATPs
Organic anion transporter polypeptides (OATPs) are members of a superfamily of solute carriers, while genes encoding these proteins are labelled SLCO, followed by a family number and a subfamily symbol [29] . Family 1 is the best-characterised group of OATPs. In humans, this family includes four transporters: OATP1A2, OATP1B1, OATP1B3, and OATP1C1 [30] . While OATP1A2 is distributed throughout the body, OATP1B1 and OATP1B3 are liver-specific and located in the basolateral membrane of hepatocytes [30, 31] . Expression of OATP1C1 mRNA has been detected in choroid plexus cells and testes.
The exact involvement of OATPs in the metabolism of ticagrelor and its extent are currently unknown. However, the results from a genome-wide association study showed that some single-nucleotide polymorphisms of SLCO1B1 (specifically rs113681054 and rs4149056 (SLCO1B1*5)) might influence the concentrations of ticagrelor and its metabolite [28] . These variants, which are in linkage disequilibrium, might be associated with the deteriorated function of OATP1B1.
According to the literature, three of the transporters listed above are involved in the metabolism of statins-OATP1B1, OATP1B3, and OATP1A2 [32] . The polypeptide of most noticeable impact appears to be OATP1B1, which is involved in the metabolism of all statins. OATP1B3 also seems to affect the metabolism of rosuvastatin [33] . A genome-wide scan showed that the SLCO1B1*5 allelic variant, which is a result of substitution in c.521T > C, is strongly associated with an increased risk of myopathy in patients receiving simvastatin [34] . Another study compared patients with severe statin-associated myopathy with controls matched for age, gender, statin type, and dose [35] . The results also suggested a substantial role of SLCO1B1*5 in statin-induced myopathy. Of note, this association was stronger in simvastatintreated patients than for those subjects who were receiving atorvastatin. However, a new pharmacokinetic study published in 2017 showed that SLCO1B1*5 is influencing the pharmacokinetics of atorvastatin, leading to higher exposure of both atorvastatin acid and 2-hydroxy-atorvastatin [36] . Reports on the involvement of SLCO1B1*5 in the safety of rosuvastatin therapy are conflicting. Some authors found no impact of this allele on the rate of myalgia [37] , while others evaluated a 3.67-fold higher risk of myotoxicity in carriers of mutant alleles treated with rosuvastatin [38] .
P-Glycoprotein System
P-glycoprotein (P-gp) is a transmembrane protein that acts as an efflux channel, limiting absorption of drugs into enterocytes, and is encoded by the ABCB1 gene located in chromosome 7 [39] . This ATP-binding protein, also known as multidrug resistance-1 (MDR-1), is known to have many substrates, which have various structural characteristics. Also, many of them may act as inhibitors or inducers of P-gp.
According to the results of a study by Hochman et al. [40] , simvastatin, simvastatin acid, and atorvastatin are transported in an insignificant to a moderate degree by P-gp. Also, the affinity of these statins for P-gp was low. However, some studies suggest that simvastatin might affect the pharmacokinetics of other drugs that are substrates of P-gp, such as diltiazem [41] or doxorubicin [42] . In vitro and pharmacokinetic studies also indicate that acidic forms of statins and their lactone metabolites have different affinities and influences on P-gp [43] [44] [45] [46] . Moreover, the extent of cholesterol-lowering benefits of simvastatin and atorvastatin may vary between carriers of different ABCB1 haplotypes [47, 48] . Rosuvastatin, on the other hand, might have a low impact on P-gp. An in vitro study with MDR tumor cells showed that rosuvastatin interacted with P-gp only at high concentrations and had no influence on inhibition of anticancer agent transport in tumor cells [49] . Also, no influence of ABCB1 haplotypes on the pharmacokinetics of rosuvastatin was reported [50] . However, it cannot be excluded that some clinically relevant interaction between P-gp and rosuvastatin exists since interindividual variability in the pharmacokinetics of this statin was found to be highly dependent on the ABCB1 haplotype [51] .
A pharmacokinetic interaction study showed that coadministration of ticagrelor with digoxin increased concentrations of the latter by 75% and the exposure by almost 30% [52] . These results suggest that ticagrelor is a weak inhibitor of P-gp. Also, in in vitro studies with Caco-2 cells, ticagrelor was modestly transported by P-gp [53] . However, a common ABCB1 3435C > T polymorphism did not affect either the rate of ischemia or bleeding events [54] . Therefore, an interaction of ticagrelor with P-gp might be of little relevance.
Glucuronidation through UDP-Glucuronosyltransferase
Glucuronidation is an essential step in the clearance of many drugs, leading to more water-soluble products that are more easily excreted. In the previously cited genome-wide association study, it was found that a single nucleotide polymorphism (rs61361928) in a gene coding uridine 5′-diphoshoglucuronosyltransferase 2B7 (UGT2B7) affected observed levels of the ticagrelor active metabolite [28] . Thus, this enzyme might be involved in the metabolism of ticagrelor. The same enzyme is also involved in the metabolism of atorvastatin, catalyzing the reaction leading to the formation of two metabolites-acyl glucuronide and ether glucuronide [55] . Although glucuronidation is also observed in the metabolic pathway of simvastatin, different enzymes are involved-UGT1A1 and UGT1A3 [56] . The same UGTs appear to be involved in the formation of rosuvastatin and atorvastatin glucuronide metabolites [57] . Therefore, this particular pathway might be one of the drug-drug interaction causes for atorvastatin only. Moreover, other authors also suggest that since metabolism of statins is undergone mainly through CYP450 enzymes, and the fraction of drug metabolized by UGTs is most probably small, the probability of pharmacokinetic drug-drug interaction for drugs cleared by glucuronidation is anticipated to be low [58] .
Review of Reported Case Studies with a Possible Ticagrelor-Statin Interaction
In the following sections, detailed case studies are presented, with reference to co-administered drugs that might amplify a ticagrelor-statin interaction ( Table 1 ). All of the cases are briefly summarized in Table 2 .
Ticagrelor and Simvastatin
Even though low doses of simvastatin are considered safe during ticagrelor treatment, a case has been reported of a 72-year-old male patient who had been treated with simvastatin 20 mg daily [59] . Rhabdomyolysis was diagnosed in this patient 5 months after the introduction of ticagrelor 90 mg twice daily. Ticagrelor was introduced after acute coronary syndrome followed by a percutaneous coronary intervention. Other medications included acetylsalicylic acid, ramipril, pantoprazole, and inhalations of tiotropium bromide and beclomethasone with formoterol. Interestingly, before the incident the patient had normal renal function.
Ticagrelor and Atorvastatin
One of the first reports of a ticagrelor-atorvastatin interaction was given by Kido et al. [60] . A 62-year-old female patient was admitted and diagnosed with rhabdomyolysis after 2 months of treatment with ticagrelor 90 mg twice daily, atorvastatin 80 mg once daily, metoprolol 25 mg twice daily, and aspirin. Aspirin was with-held, and ticagrelor was switched to clopidogrel. After resolution of acute kidney injury and adjacent muscle pain, low-dose statin therapy was started with close monitoring, without recurrence of rhabdomyolysis. Concomitant administration of other drugs might also elevate the risk of rhabdomyolysis. In a case of a 74-year-old female, severe rhabdomyolysis was diagnosed [61] . The patient was treated with amlodipine (5 mg) and atorvastatin (20 mg) for several years before hospital admission. Two and a half months prior she was diagnosed with ST-elevation myocardial infarction. Subsequently, the dose of atorvastatin was elevated to 80 mg, and ticagrelor 90 mg twice daily was introduced. Muscle biopsy revealed extensive myonecrosis. Of note, amlodipine is a weak inhibitor of CYP3A4. Therefore, co-administration of this drug might lead to increased exposure to both atorvastatin and ticagrelor.
Finally, rhabdomyolysis might also have iatrogenic causes. Cenjor Martin et al. [62] present a case of a 72-year-old male who was undergoing treatment with enalapril 10 mg twice daily, bisoprolol 5 mg, aspirin 300 mg, ticagrelor 90 mg twice daily, and atorvastatin 40 mg for 3 months before admission to hospital for reported polymyalgia and malaise. In addition, due to a recent respiratory infection, the patient was also treated with clarithromycin 250 mg twice daily for several days before admission. After initiation of fluid therapy, clarithromycin and atorvastatin were suspended, with the recommendation of reintroducing atorvastatin at lower doses. Of note, macrolides are known to be potent CYP3A4 inhibitors. Therefore the possibility of adverse event occurrence was high.
Ticagrelor and Rosuvastatin
A combination of rosuvastatin and ticagrelor is regarded as safe, since rosuvastatin is metabolized by CYP2C9, in contrast to ticagrelor, which is a CYP3A4 substrate. However, some cases of rhabdomyolysis resulting from this interaction have been reported. Also, a report based on the World Health Organization's VigiBase search revealed five unique cases of rhabdomyolysis resulting from concomitant treatment with ticagrelor and rosuvastatin up to October 2016 [63] .
In a case of a 78-year-old male, rhabdomyolysis was diagnosed with elevated serum creatinine kinase and serum Table 1 List of drugs interacting with simvastatin, atorvastatin, rosuvastatin, and ticagrelor, with their respective mechanisms, based on the available product information data [68] [69] [70] [71] S simvastatin, A atorvastatin, R rosuvastatin, T ticagrelor creatinine [64] . The patient was receiving rosuvastatin 40 mg once daily, ticagrelor 90 mg twice daily, amlodipine 5 mg, omeprazole 20 mg, perindopril 2 mg, metoprolol 25 mg twice daily, and ezetimibe 10 mg. According to available data, addition of ticagrelor 1 month prior to admission to the hospital was the only recent change in medication. Interestingly, the symptoms of rhabdomyolysis were persisting even after discontinuation of rosuvastatin, amlodipine, and perindopril. Only after removal of ticagrelor did the patient start to recover. It is of note that one of the co-administered drugs was amlodipine, a weak inhibitor of CYP3A4.
A possible rosuvastatin-ticagrelor interaction was also reported for a 49-year-old female patient [65] . Beside 90 mg ticagrelor twice daily and rosuvastatin 20 mg, the patient was treated with lisinopril 20 mg, metformin 500 mg, metoprolol 50 mg twice daily, and pantoprazole 40 mg. The patient's condition improved significantly after cessation of ticagrelor and rosuvastatin. However, the author of the case study did not state how long the treatment with rosuvastatin and ticagrelor was. It might be assumed that ticagrelor was introduced after percutaneous coronary intervention, which took place approximately 6 weeks before the occurrence of rhabdomyolysis symptoms. It was not stated what other drugs were introducted after the intervention procedure.
Conclusions
The increased utilization of ticagrelor for prevention of ischemic events in patients with acute coronary events raises the risk of adverse events caused by drug-drug interactions. In this review we have gathered all the relevant information on a ticagrelor-statin interaction that might lead to the development of life-threatening rhabdomyolysis.
Statins, which are widely used due to their obvious advantages in reduction of mortality and cardiovascular events, are frequently prescribed to patients with cardiological disorders. The drawback of statin use is the risk of rhabdomyolysis, which might be dose-related, and which also increases with age for some statins [66] . Indeed, most of the cases presented in this article concern patients older than 70 years.
Most importantly, rhabdomyolysis may be a cause of a direct interaction through inhibition of the CYP3A4 isoenzyme, leading to an increase in the concentration of simvastatin, as well as statins and its metabolites. This interaction might be amplified by co-administration of drugs that are strong or moderate inhibitors of CYP3A4. Still, reported case studies of the interaction between rosuvastatin and ticagrelor that lead to rhabdomyolysis suggest that other pathways might be involved as well. These potential routes might include the competitive interaction of OATPs or P-gp. Moreover, genetic polymorphism affecting the function of transporters, such as the SLCO1B1*5 allele, is associated by many authors with an increased risk of statin-related myopathy. However, some authors suggest that patient age might be a stronger predictor of muscle symptoms than the presence of SLCO1B1*5 [67] . It also cannot be excluded that other drugs, such as cyclosporine or rifampicin, might affect transporters, especially P-gp, leading to a further increase in statin concentrations in plasma.
Finally, ticagrelor is used currently in patients with acute coronary syndromes who simultaneously receive intensive, high-dose statin treatment. The latter is most probably responsible for the observed muscule-related complications. Therefore, though a theoretical mechanism of this interaction exists, its clinical significance might be limited. As a consequence, routine checking of parameters associated with this adverse event might not be necessary.
In summary, even though co-administration of statins and ticagrelor was found to be relatively safe in routinely prescribed doses, caution should be used, especially in older populations.
